S timulation of cells through multimeric immune receptors is accompanied by dynamic reorganization of specialized microdomains of the plasma membrane and this reorganization may play a critical role in signal transduction across the membrane (1, 2) . These microdomains are enriched in sphingolipids, cholesterol, glycerophospholipids, and glycosylphosphatidylinositol-anchored proteins, and are thought to facilitate such transduction (3) . These domains are variously referred as lipid rafts, glycosylphosphatidylinositol-enriched domains, or lipid microdomains although there is considerable debate as to their heterogeneity and function (4 -6) . Lipid microdomains are thought to participate in the early signaling events following activation of mast cells by Ag via the high affinity receptor for IgE, FcRI (7, 8) .
Mast cells are stimulated by multivalent binding of Ag to induce clustering of the IgE/FcRI complex. Ag-induced clustering of FcRI results in tyrosine phosphorylation of its ␤ and ␥ subunits by the Src kinase, Lyn (9) . This phosphorylation allows recruitment of additional Lyn molecules and the phosphorylation and activation of Syk tyrosine kinase, which is critical for initiation of several downstream phosphorylation signaling pathways (10) . One such pathway, the phosphorylation of the linker for activation of T cells (LAT), 3 primarily by Syk, allows recruitment and assembly of additional adaptor and effector molecules facilitating further propagation of signals (11) .
Following Ag-induced aggregation, FcRI localizes in detergent-resistant fractions obtained by gradient centrifugation that are enriched in active Lyn (12) , cholesterol, glycosphingolipids, and sphingomyelin (13) . The subsequent phosphorylation events appear to occur within these domains (12, 14, 15) . As a further refinement of this model, these domains may regulate Lyn activity due to the exclusion of phosphatases from lipid rafts (16) . However, it has been reported that tyrosine phosphorylation of FcRI can occur outside the confines of detergent-resistant membrane fractions (17) and its dephosphorylation within these fractions (18) .
The two isoforms of phospholipase D (PLD), PLD1, and PLD2, and its product, phosphatidic acid (PA), have been implicated in a variety of signaling and membrane trafficking events in different cell types (19, 20) , including signaling processes (21, 22) , degranulation (22) (23) (24) (25) , and actin-dependent membrane ruffling (26) in mast cells. There is evidence that PLD is localized in lipid rafts in RBL-2H3 cells. Studies with overexpressed PLDs suggest that only a small fraction of PLD1 is localized in detergent-resistant membrane fractions in nonstimulated cells (27) , but such localization is enhanced in Ag-stimulated cells (28) . The activation of PLD by Ag is inhibited by short chain ceramides, thought to act via disruption of lipid microdomains (29) . Also, overexpressed fluorescent-tagged PLD2 colocalizes with endogenous LAT (22) , which is associated with lipid microdomains in T cells (30) and mast cells (15) .
In this study, we have investigated whether PLD plays a role in FcRI-mediated signaling events that are associated with lipid microdomains. To minimize the possible dissociation of Ag from IgE and FcRI subunits from each other (18, 31) , we resorted to a simple stepwise centrifugation separation procedure to isolate a detergent-resistant fraction containing lipid microdomains as described by others (32) . Although this fraction probably contains extraneous material, we find that the distribution and phosphorylation of FcRI and tyrosine kinases follows the same pattern as that described by others for detergent-resistant lipid microdomains in mast cells (12, 14, 15) . As an additional approach, the effects of PLD deficiency on lipid microdomain assembly were evaluated by confocal microscopy using fluorescent-tagged cholera toxin (CTx) B-subunit, which binds ganglioside 1 (GM1), a component of lipid microdomains (33) .
Materials and Methods

Materials
Reagents were from the following sources: culture reagents from Life Technologies/Life Technologies; normal butyl alcohol (1-butanol) from Mallinckrodt; Tris from INC Biomedicals; mAb against FcRI ␤-subunit was provided by Dr. Juan Rivera (National Institute of Arthritis and Musculoskeletal and Skin Diseases/National Institutes of Health); Abs against FcRI ␥-subunit, LAT, phospho-LAT Tyr226, and phosphotyrosine clone 4G10 from Millipore; Abs against Lyn, phospho-Src Tyr416, LAT, phospho-LAT Tyr171, phospho-LAT Tyr191 from Cell Signaling Technology; Abs against Thy-1, PLD1 and PLD2 from Santa Cruz Biotechnology; Ab against mouse FcRI ␣-subunit PE conjugated clone MAR-1 and isotype control from eBioscience; Vybrant Alexa Fluor 488 and 594 lipid raft labeling kits and NuPage LDS sample buffer 4ϫ from Invitrogen; PLD1, PLD 2, and GAPDH plasmids from Integrated DNA Technologies; ONTARGETplus SMARTpool rat PLD1 and PLD2 small inhibitory RNA (siRNA) constructs from Dharmacon; pmaxGFP from Amaxa; and monoclonal anti-DNP IgE Ab (SPE-7), Ag (Ag, DNP-HSA, dinitrophenylated human serum albumin), and all other reagents from Sigma-Aldrich.
Cell culture and experimental conditions
RBL-2H3 cells were grown as monolayers in MEM with Earle's salts, supplemented with glutamine, antibiotics, and 15% FBS. Cells were harvested by trypsinization and transferred to multiwell plates or petri dishes as indicated. Cells were then incubated overnight in complete growth medium that contained DNP-specific IgE (100 ng/ml) to achieve optimal occupancy of FcRI. Experiments were performed in a PIPES-buffered saline; 25 mM PIPES (pH 7.2), 159 mM NaCl, 5 mM KCl, 0.4 mM MgCl2, 1 mM CaCl2, 5.6 mM glucose, and 0.1% fatty acid-free fraction V from bovine serum. Inhibitors and stimulants were used at concentrations that produced maximal effects.
Isolation of detergent-resistant membrane fractions
Cells were plated overnight in 6-well plates (2 ϫ 10 6 cells/2 ml/well). Lipid rafts were prepared as described by others (32) . In brief, 2 ϫ 10 6 RBL-2H3 cells were lysed on ice for 20 min in 200 l of 1% Triton X-100 in 25 mM MES and 150 mM NaCl 2 at pH 6.5 (32) and then homogenized with a loose-fitting Dounce homogenizer to obtain the whole cell lysate preparation. The homogenate was centrifuged at 500 ϫ g for 7 min at 4°C. The postnuclear supernatant fraction was centrifuged at 100,000 ϫ g for 50 min at 4°C to obtain the detergent-soluble membrane fraction. The residual pellet was solubilized in 20 l of a ␤-octyl-gluco-pyranoside buffer to obtain the detergent-resistant fraction. In some experiments, the pellet was dissolved in one third the volume to achieve sufficiently dense immunoblots.
Measurement of AlexaFluor-tagged CTx fluorescence in multiwell plates
Cells were incubated overnight in 96-well black multiwell plates (PerkinElmer) at a density of 2 ϫ 10 5 cells/0.1 ml/well. The assay was performed as described by others (33) , except that cells were labeled with Alexa Fluor 488-tagged CTxB-subunit (300 ng/well for 30 min at 4°C) in the PIPES-buffered medium and washed twice before replenishing the PIPES-buffered medium (0.1 ml). Fluorescence (excitation at 488 nm and emission at Ͼ520 nm) was measured by use of a microplate reader (SpectraMax M5, Molecular Devices). The use of microplates allowed direct comparison of the effects of stimulants and inhibitors. A value of p Ͻ 0.05 was considered as statistically significant.
Flow cytometry
Bone marrow mast cells (3 ϫ 10 5 /group) were incubated with 0.4 g/ml anti-mouse FcRI ␣ or isotype control on ice for 30 min in 200 l of PBS with 0.1% BSA and 0.05% sodium azide followed by washing and treatment using 50 mM 1-butanol or t-butanol for 15 min. The cell surface fluorescence intensity was measured using a flow cytometer (FACSCalibur, BD Biosciences). Combined results were analyzed and summarized in a chart using the FlowJo software.
Transfection of siRNA and detection of PLD1 and PLD2 mRNAs by RT-PCR and Western blotting
RBL-2H3 cells were cotransfected with siRNAs against rat PLD1 or PLD2 (2 M in 5 ϫ 10 6 /0.1 ml) and GFP (pmaxGFP) (1 g in 5 ϫ 10 6 cells/0.1 ml) by use of an Amaxa Nucleofector Device (program T-020). Control cells were transfected with GFP alone. The expression of PLD mRNA in cells was measured at 24 h by real-time PCR (7300 Real Time PCR system, Applied Biosystems) by use of a RNA extraction kit (Qiagen) and the following primers: rat PLD1 sense primer, 5Ј-GTG GGC AGT GTC AAG CGG GTC ACC-3Ј, antisense primer, 5Ј-GCC AAA ACC TAG TCT CCC CAT GGA-3Ј; rat PLD2 sense primer, 5Ј-ATG ACT GTA ACC CAG ACG GCA CTC-3Ј, antisense primer, 5Ј-CAG CTC CTG AAA GTG TCG GAA TTT-3Ј; rat GAPDH sense primer, 5Ј-GTG GAG TCT ACT GGC GTC TTC-3Ј, antisense primer, 5Ј-CCA AGG CTG TGG GCA AGG TCA-3Ј. The expression of PLD1 and PLD2 proteins was determined 48 h after transfection by immunoblotting.
Measurement of degranulation
Cell cultures (5 ϫ 10 5 cells/0.1 ml/well in 96-well plates) were washed and growth medium was replaced with PIPES-buffered saline medium before stimulation. Degranulation was determined by measurement of release of the granule marker ␤-hexosaminidase by use of a colorimetric assay in which release of p-nitrophenol from p-nitrophenyl-N-acetyl-␤-D-glucosaminide is measured (34) . Values indicate the percent of intracellular ␤-hexosaminidase that was released into the medium.
Live cell imaging using fluorescent optical and confocal laser microscopy
For fluorescent optical microscopy, nontransfected and siRNA-transfected RBL-2H3 cells were incubated with IgE overnight in 24-well plates (2 ϫ 10 5 cells/0.4 ml/well). Cultures were washed twice, replenished with fresh ice-cold PIPES-buffered saline, and placed on ice. Cells were stained with CTx-Alexa Fluor 488 (400 ng/well for 5 min at 4°C). Cultures were then washed for immediate microscopic examination (Zeiss Axiovert 200 M and a ϫ20, 0.4 NA objective). Where indicated, 1-butanol (50 mM) or t-butanol (50 mM) was added to cultures 15 min before stimulation with Ag. For laser confocal microscopy, transfected cells (25 ϫ 10 3 cells/ml) were incubated overnight with IgE in 35 mm glass-bottom microwell dishes (MatTek Corporation). For each experiment, cultures were washed with ice-cold PIPES-buffered saline before exposing cells to the specified fluorescent-tagged CTx B-subunit (2 g/ml/dish) for 2 min at 4°C. Images were acquired with a ϫ63 (1.4 NA) objective and a confocal laser-scanning microscope (Zeiss LSM510), and analyzed with the pinhole configuration set for a optical slice of 5 m at 5 m up from the bottom of the coverslip. pmaxGFP and Alexa Fluor 594 were detected at emission wavelengths of 505-530 nm (excitation at 488 nm), and Ͼ610 nm (excitation at 594 nm), respectively. Corrections were made for background fluorescence and fluorescence overlap among fluorophores. Morphometric analysis was performed for the acquired images by measuring changes in a threshold area of the optical slice generated by the signal of fluorescent tagged CTxB (Ն 4 cells/field and Ն5 fields/group) before and after treatment with Ag in the same cell. These changes were calculated by dividing the fluorescence within the area encompassed by fluorescent tagged CTxB in the plasma membrane (A) by the sum of this fluorescence and the total fluorescence within the area encompassed by pmaxGFP in the cytosol (B) using the software program Metamorph (Molecular Devices), and comparing the ratio, A/(AϩB), obtained before and after treatment. These results were analyzed using a paired t test. A value of p Ͻ 0.05 was considered as statistically significant.
Western blot analysis and immunoprecipitation
Immunoblots were prepared from fractions obtained during the preparation of the detergent-resistant membrane fraction or from whole cell lysates for which cells were lysed in ice-cold lysis buffer: 20 mM HEPES (pH 7.3); 1% Triton X-100; 10% glycerol; 12.5 mM sodium pyrophosphate; 10 mM sodium orthovanadate; 50 mM sodium fluoride; 1 mM PMSF; 30 g/ml leupeptin; 30 g/ml aprotinin; and 25 mM p-nitrophenyl phosphate. For immunoprecipitation studies, cells were lysed in the same buffer except that Nonidet P-40 was used instead of Triton-X-100. Immunoprecipitations were then performed as described elsewhere (35) . All samples obtained by the above procedures were mixed with one fourth volume of 4ϫ NuPage LDS sample buffer before separation of proteins by use of NuPAGE Novex Bis-Tris gels as described by others (36) . Proteins were detected by chemiluminescence (Immobilon Western, Millipore) and quantitated by densitometry (Image Station 2000R, Eastman Kodak). A value of p Ͻ 0.05 was considered as statistically significant.
Results
Suppression of PA production by 1-butanol impairs association of FcRI␤ with detergent-resistant membrane fractions
The efficacy of the two-step membrane separation procedure was investigated by examination of the distribution of two putative lipid raft markers, Thy1 (1) and LAT (37) , as well as FcRI and Lyn. Both Thy-1 and LAT were confined to the detergent-resistant fraction even after Ag stimulation whereas Lyn and the FcRI␤ subunit were present in both detergent soluble and resistant fractions before stimulation and accumulated in the detergent resistant fraction after Ag addition (Fig. 1A , quantitative data are shown in Fig. 1, B and C) . A similar accumulation was observed for the FcRI␥ subunit (data not shown). This apparent redistribution of FcRI subunits and Lyn was consistent with previous reports in which membrane fractions were separated by sucrose gradients (12, 38) . Addition of the cholesterol-depleting agent, methyl ␤-cyclodextrin resulted in substantial loss of FcRI␤ from the detergent resistant fraction in nonstimulated and stimulated cells without affecting the expression of FcRI␤ in whole cells (Fig. 1C) .
In the absence of low m.w. inhibitors of PLD, 1-butanol has been widely used to divert production of PA by PLD to the biologically inert phosphatidylbutanol through transphosphatidylation (20) . The effects of 1-butanol may thus reveal phosphatidate-dependent reactions. Tertiary-butanol is not readily transphosphatidylated and can be used as a control for nonspecific actions of butanol. As shown in Fig. 1F , 1-butanol but not tertiary-butanol suppressed the expression of FcRI␤ in the detergent-resistant fraction in nonstimulated and stimulated cells without affecting the total amount of proteins contained in these fraction (Fig. 1G) and expression of the receptor in the plasma membrane as observed by flow cytometry (Fig. 1H ).
1-Butanol also suppresses Ag-induced changes in distribution of fluorescent-tagged CTx B subunit
The redistribution of lipid microdomains in the plasma membrane was also monitored in live cells by use of Alexa Fluor 488-tagged CTxB which forms a stable pentameric structure and binds to the lipid raft component, GM1 (39) . Increased fluorescence is thought to indicate redistribution of GM1 in the plasma membrane during lipid raft assembly or additional recruitment of GM1 to the surface membrane (40) . Addition of Ag resulted in enhanced surface fluorescence which was substantially diminished in the presence 1-butanol but less so in the presence of tertiary-butanol ( Fig. 2A) . Quantification of the changes in surface fluorescence in a multiwell plate reader also indicated that 1-butanol, but not tertiary-butanol, inhibited the increase in fluorescence (Fig. 2B) . Additional experiments revealed that direct cross-linking of CTx with an anti-CTx Ab enhanced fluorescence in a time-dependent manner (Fig. 2C) . However, this increased fluorescence was not affected by either 1-butanol or tertiary-butanol (Fig. 2D) .
Knockdown of PLD1 and PLD2 by siRNA suppresses association of FcRI and Lyn with detergent-resistant membrane fractions and redistribution of fluorescent-tagged CTxB
The above studies with butanol suggest that production of PA by PLD is required for optimal assembly and function of lipid microdomains in RBL-2H3 cells. We next investigated the effects of knockdown of PLD1 or PLD2 with siRNAs directed against each of these isoforms. The siRNAs used selectively reduced production of transcripts (Fig. 3A) and protein (Fig. 3B ) of PLD1 and PLD2. Knockdown of either PLD reduced expression of Lyn (Fig.  3D ) and FcRI␤ subunit (Fig. 3E) in the membrane detergentresistant fraction from nonstimulated and stimulated cells without affecting the total amount of protein present in these fractions (Fig.   3C ). However, PLD knockdown had no effect on cellular expression of Lyn or FcRI␤ (upper panels, Fig. 3, D and E) .
Knockdown of the PLDs also altered the distribution of GM1 as indicated by use of the Alexa Fluor 488-tagged CTxB. The enhanced surface fluorescence that is observed after Ag stimulation (i.e., Fig. 2 ) was suppressed in cells that had been transfected with siRNAs against PLD1 or PLD2 (Fig. 4A) . The quantitative fluorescence data suggested that knockdown of PLD2 had a more pronounced effect than that of PLD1 (Fig. 4B) . Knockdown of the PLDs appeared to be as effective as the cholesterol-depleting agent methyl ␤-cyclodextrin in suppressing the increase in fluorescence (Fig. 4C) . Consistent with previous reports, knockdown of the PLDs (21) and treatment with methyl ␤-cyclodextrin (41) was associated with substantial decrease in Ag-stimulated degranulation (Fig. 4, D and E) .
Effects of knockdown of PLD1 and PLD2 on distribution of GM1 in the plasma membrane as determined by confocal laser microscopy
Exploratory confocal microscopic studies were undertaken to evaluate the use of fluorescent-tagged CTx B-subunit to monitor changes in lipid microdomain distribution. In RBL-2H3 cells colabeled with GFP and Alexa Fluor594 CTx B-subunit, Ag stimulation resulted in recruitment of the CTx B-subunit in larger aggregates at the plasma membrane (Fig. 5A ). As expected, this recruitment was suppressed in cells treated with methyl ␤-cyclodextrin (Fig. 5C ). By contrast, there was substantial recruitment of fluorescent labeled CTx at the plasma membrane by direct crosslinking of the CTx B-subunit with anti-B-subunit Ab (Fig. 5E) . The quantitative data from these experiments are shown in Fig. 5 , B, D, and F.
Knockdown of PLD1 with siRNA reduced surface expression of fluorescent-tagged CTx B-subunit as compared with control cells (Fig. 6, A and C) although, as in control cells, redistribution of the CTx B-subunit was still apparent after Ag stimulation (Fig. 6C) . Knockdown of PLD2 resulted in a more pronounced reduction of surface binding of CTx B-subunit (Fig. 6E) and was visible only at higher exposure than shown in Fig. 6E . Morphometric data for all cells are shown in panels B, D, and F.
Effects of knockdown of PLD1 and PLD2 on lipid microdomain-related signaling events
Collectively the previous experiments suggested that diversion of production of PA with 1-butanol or knockdown of the PLDs resulted in dispersal of lipid raft molecules such as GM1 and reduced association of FcRI and Lyn with lipid microdomains. We next investigated whether such dispersion affects stimulatory events that are associated with lipid microdomains. Disruption of these domains with methyl ␤-cyclodextrin blocked Ag-induced phosphorylation of FcRI ␤-subunit (Fig. 7A ) and the linker protein LAT (data not shown). 1-Butanol partially blocked (ϳ50%) the additional phosphorylation of the FcRI ␤-subunit that was induced by Ag (Fig. 7B) . As a negative control, t-butanol had no effect on this phosphorylation when compared with stimulated control cells. Similarly, knockdown of PLD2 and to a lesser extent PLD1 impaired phosphorylation of FcRI␤ and LAT in addition to Lyn/Src kinase (Fig. 7, C-E) . LAT contains several tyrosines which when phosphorylated act as key docking sites for various molecules that allow further propagation of signaling (11) . The tyrosine phosphorylation of LAT at three such sites namely, 171, 191, and 226, were reduced (Fig. 7E ) in PLD-deficient cells consistent with the decrease in total phosphorylation of LAT (as in Fig. 7E) . However, the reduction in phosphorylation of LAT 226 and total phosphorylation of LAT was most pronounced in PLD2-deficient cells. These results suggest that deficiency in PLD2 and to a lesser extent PLD1 impairs lipid microdomain assembly and associated signaling events.
Discussion
Specialized cholesterol-enriched domains in the plasma membrane are thought to facilitate interaction of molecules that convey signals from membrane receptors to the cell interior (2, 7). However, the nature and heterogeneity of these domains are still a matter of debate (4, 6) . In contrast to the known lipid components of these microdomains, PLD products have received surprisingly little attention given their reported roles in membrane trafficking and the likely presence of PLD in specialized plasma membrane domains (22, (27) (28) (29) . The present work provides evidence that PLD may participate in lipid microdomain assembly and function, thus promoting mast cell activation.
PLD is thought to regulate signal transduction, cytoskeletal rearrangement, and vesicular trafficking (20) , which may represent complementary mechanisms for cell activation. In mast cells specifically, PLD has been implicated in signal transduction, membrane ruffling, endocytosis, and exocytosis (11) . PLD-derived PA has been implicated in the activation of protein kinase C (21), phosphatidylinositol 4-phosphate 5-kinase (PIP5-kinase) (26, 42) , and the mammalian target of rapamycin (43) in mast cells and other types of cells. Overexpressed isoforms of PLD, PLD1, and PLD2, are localized on granules and plasma membrane, respectively, in the RBL-2H3 mast cell line (23, 25, 28, 44) . Stimulation of these cells results in fusion of granules, and the association of PLD1, with the plasma membrane. In this location, overexpressed PLD1 colocalizes with actin-rich detergent-resistant structures (28) and is thought to form aggregates with actin along the inner surface of the plasma membrane (45) . PLD2-derived PA is reported to regulate Ag-stimulated actindependent membrane ruffling by enhancing production of the PIP5-kinase product, phosphatidylyinositol 4,5-bisphosphate (PIP2) (26) . These findings suggest a functional role for PLD within plasma membrane domains that are associated with PIP5-kinase and actin.
The present results indicate that diversion of production of PA to phosphatidylbutanol with 1-butanol and knockdown of either PLD1 or PLD2 with siRNAs results in reduced association of FcRI␤ with the detergent-resistant membrane fraction and the enhanced association of FcRI␤ with this fraction following Ag stimulation (Figs. 1 and 3) . Similar results were obtained with Lyn after knockdown of the PLDs (Fig. 3) . These results resembled those obtained by use of methyl ␤-cyclodextrin (Fig. 1) . Visualization of the distribution of the lipid raft component, GM1, with fluorescent-tagged CTxB also indicated that Ag-induced redistribution of GM1 was suppressed by 1-butanol, knockdown of the PLDs, and methyl ␤-cyclodextrin (Figs. 2, 4 , and 5). However, redistribution of GM1 caused by direct Ab cross-linking of CTxB (Figs. 2C and 5E) was unaffected by 1-butanol (Fig. 5D) . High resolution optical microscopy also revealed that the expression of CTx B subunit bound at the plasma membrane was suppressed by knockdown of PLD2 and to a lesser extent PLD1 (Fig. 6) .
Knockdown of the PLDs also suppressed signaling events that are thought to be associated with lipid microdomains. These events included the tyrosine phosphorylation of FcRI␤, Src kinases, and LAT (Fig. 7) . Knockdown of PLD2 had the most profound effect on phosphorylation of Src kinases and LAT as might be expected from its location in the plasma membrane although it should be noted that PLD1 appears in the plasma membrane within 5 min after stimulation with Ag (23, 28) . Depletion of membrane cholesterol with methyl ␤-cyclodextrin similarly inhibited phosphorylation of FcRI␤ (Fig. 6A ) and its association with detergentresistant membrane fractions (Fig. 1C) . Collectively, these data indicate similarity in the effects of methyl ␤-cyclodextrin, and knockdown of the PLD isoforms and suggest that PLD is required for the functional integrity of lipid microdomains. These effects can be attributed to the production of PA by PLD because of the similar actions of 1-butanol and knockdown of PLD.
The role of lipid microdomains or lipid rafts in signal transduction in mast cells is a matter of ongoing investigation and studies provide different perspectives depending on the approaches used (7, 8) . The presence of glycososphingolipids and cholesterol in an ordered lipid phase is thought to allow concentration of some signaling molecules and the exclusion of others such as phosphatases. For example, LAT (30) and other lipid modified proteins such as Lyn are concentrated in detergent-resistant membrane fractions. In one model, FcRI is thought to be normally excluded from lipid microdomains, but on aggregation with Ag, FcRI interacts with these domains to bring it in close proximity to Lyn, which can then phosphorylate the FcRI subunits, the initial step in the signaling process (12, 46) . This process leads to the recruitment and phosphorylation of Syk kinase, LAT, and PLC␥1, generation of a calcium signal, and degranulation (12) . The presence of LAT in detergent-resistant membrane domains facilitates its phosphorylation by tyrosine kinases (30) and the subsequent docking and assembly of signaling molecules such as PLC␥ (11) .
The modern tools of microcrosopy and analytical techniques have allowed more direct examination of the structural dynamics of membrane microdomains in mast cells. Such studies have shown that Ag-stimulated FcRI form patches within the plasma membrane thought to contain many of the essential signaling components for FcRI-mediated signaling (8, 47, 48) . These FcRI patches appear to represent discrete signaling domains that form in a dynamic fashion during the signaling process (49) . For example, components of detergent-resistant membrane fraction including Thy1, GM1, and LAT are not normally colocalized with each other or with FcRI in nonstimulated mast cells but upon stimulation with Ag FcRI and GM1 accumulate in distinctive patches (49) , which are enriched in sphingomyelin and cholesterol (50) . However, it is apparent from electron microscopic studies that biochemical detergent-resistant fractions consist of a mixture of domains (48, 49) . FcRI and LAT, for example, exist in distinct domains with only transient interaction between them during stimulation. It is also apparent that the interaction of FcRI with Lyn and other anchored proteins is dependent on F-actin polymerization (51) . In general, these studies indicate discrete membrane microdomains, which interact with each other during cell activation.
In this study, we have used both biochemical and live-cell microscopic techniques because of caveats to individual approaches (8) . Detergent-resistant fractions may contain an amalgam of domains that exist as distinct entities in native membranes. Conflicting data has emerged from studies with methyl ␤-cyclodextrin and it is apparent the effects of this agent are complex (38, 41, 52) . Indeed, cholesterol depletion may impair certain molecular interactions by altering the biophysical properties of the plasma membrane in addition to disrupting detergent-resistant membrane fractions (1). Studies of cholesterol-deficient mast cells derived from mice that carried a null mutation of the 3 ␤-hydroxysterol-⌬ 7 -reductase gene suggest that some but not all initial signaling events in mast cells are cholesterol dependent (53) .
The present results support the view that both PLD isoforms regulate the assembly of membrane detergent-resistant microdomains that are critical for cell activation. Previous reports of the association of at least one PLD isoform with actin-rich detergentresistant fractions (28) and F-actin aggregates in the cell periphery (45) in stimulated mast cells raise the possibility that PLD, in partnership with PIP5-kinase, may regulate microdomain structure via cytoskeletal remodeling. Production of PIP2 by PIP5-kinase is dependent on PLD-derived PA in intact cells (26, 54) . Actin filaments and microtubules are thought to be the primary cytoskeleton components that interact with lipid rafts (2) . Of note, the anchoring and assembly of both actin and tubulin with the plasma membrane is dependent on PIP2 which is known to accumulate in lipid microdomains (2) . In addition to activating PIP5-kinase, PA itself can serve as a lipid anchor for recruitment and activation of proteins (55) and alter membrane properties because of its ionic charge and fusogenic properties (20) . Therefore, there are multiple mechanisms, possibly complementary, by which activation of PLD could impact the dynamics of signaling events within the vicinity of lipid microdomains.
